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Boron modified molybdenum silicide and products
Abstract
A boron-modified molybdenum silicide material having the composition comprising about 80 to about 90
weight % Mo, about 10 to about 20 weight % Si, and about 0.1 to about 2 weight % B and a multiphase
microstructure including Mo.sub.5 Si.sub.3 phase as at least one microstructural component effective to
impart good high temperature creep resistance. The boron-modified molybdenum silicide material is
fabricated into such products as electrical components, such as resistors and interconnects, that exhibit
oxidation resistance to withstand high temperatures in service in air as a result of electrical power dissipation,
electrical resistance heating elements that can withstand high temperatures in service in air and other oxygen-
bearing atmospheres and can span greater distances than MoSi.sub.2 heating elements due to improved creep
resistance, and high temperature structural members and other fabricated components that can withstand
high temperatures in service in air or other oxygen-bearing atmospheres while retaining creep resistance
associated with Mo.sub.5 Si.sub.3 for structural integrity.
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[57] ABSTRACT 
A boron-modi?ed molybdenum silicide material having the 
composition comprising about 80 to about 90 Weight % Mo, 
about 10 to about 20 Weight % Si, and about 0.1 to about 2 
Weight % B and a multiphase microstructure including 
MosSi3 phase as at least one microstructural component 
effective to impart good high temperature creep resistance. 
The boron-modi?ed molybdenum silicide material is fabri 
cated into such products as electrical components, such as 
resistors and interconnects, that exhibit oxidation resistance 
to Withstand high temperatures in service in air as a result of 
electrical poWer dissipation, electrical resistance heating 
elements that can Withstand high temperatures in service in 
air and other oxygen-bearing atmospheres and can span 
greater distances than MoSi2 heating elements due to 
improved creep resistance, and high temperature structural 
members and other fabricated components that can With 
stand high temperatures in service in air or other oxygen 
bearing atmospheres While retaining creep resistance asso 
ciated With MosSi3 for structural integrity. 
10 Claims, 6 Drawing Sheets 
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BORON MODIFIED MOLYBDENUM 
SILICIDE AND PRODUCTS 
This application is a continuation-in-part of copending 
application Ser. No. 08/513 682, ?led Jul. 28, 1995. 
CONTRACTURAL ORIGIN OF THE 
INVENTION 
The United States Government has rights in this invention 
pursuant to Contract No. W-7405-Eng-82 betWeen the 
Department of Energy and IoWa State University, Which 
contract grants to the IoWa State University Research 
Foundation, Inc. the right to apply for this patent. The 
research leading to the invention Was supported in part by 
the US. Department of Commerce Grant ITA 87-02. 
FIELD OF THE INVENTION 
The present invention relates to high temperature mate 
rials and, more particularly, to boron-modi?ed molybdenum 
silicide material having improved oxidation resistance and 
high temperature creep resistance as Well as to high tem 
perature products made therefrom. 
BACKGROUND OF THE INVENTION 
MosSi3 is an intermetallic compound having high 
hardness, high melting point, and good high temperature 
creep resistance. The creep resistance of MosSi3 has been 
shoWn to be better than that of MoSi2 Which is material 
commonly used in high temperature non-load bearing ser 
vice applications as a result of its excellent oxidation resis 
tance. HoWever, MoSi2 has found limited use in load bearing 
applications as a result of its high creep rate at elevated 
temperatures, such as greater than about 1000 degrees C. 
Although the MosSi3 intermetallic compound exhibits 
good high temperature creep resistance, it unfortuantely 
exhibits relatively poor high temperature oxidative stability. 
For example, above about 1000 degrees C., the MosSi3 
compound exhibits catastrophic oxidation and loss of struc 
tural integrity. The inadequate high temperature oxidative 
stability or resistance of the MosSi3 compound has limited 
its use in high temperature service applications. Moreover, 
at about 800 degrees C., MosSi3 exhibits a sudden drop in 
mass due to oxide scale spallation, and the oxidation rate is 
accelerated relative to 900—1000 degrees C. 
It is an object of the present invention to provide a 
molybdenum silicide material and products thereof having 
substantially improved oxidative stability at elevated 
temperatures, such as exceeding about 1000 degrees C., 
While maintaining the good high temperature creep resis 
tance associated With MosSi3 material. 
SUMMARY OF THE INVENTION 
The present invention provides a boron-modi?ed molyb 
denum silicide material having the composition comprising 
about 80 to about 90 Weight % Mo, about 10 to about 20 
Weight % Si, and about 0.1 to about 2 Weight % B and a 
microstructure including MosSi3 phase as at least one micro 
structural component effective to impart good high tempera 
ture creep resistance. The boron-modi?ed molybdenum sili 
cide material is fabricated pursuant to the present invention 
into such products as electrical components, such as resis 
tors and interconnects, that exhibit oxidation resistance to 
Withstand high temperatures in service in air as a result of 
electrical poWer dissipation, electrical resistance heating 
elements that can Withstand high temperatures in service in 
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air and other oxygen-bearing atmospheres and can span 
greater distances than MoSi2 heating elements due to 
improved creep resistance, and high temperature structural 
members and other fabricated components that can With 
stand high temperatures in service in air or other oxygen 
bearing atmospheres While retaining creep resistance asso 
ciated With MosSi3 for structural integrity. In a particular 
embodiment pursuant to the present invention, a molybde 
num silicide material having the aforementioned composi 
tion includes a multiphase microstructure having unexpect 
edly substantially improved oxidative stability at elevated 
temperatures, such as exceeding about 800 degrees C. and 
above, such as exceeding 1450 degrees C., While having 
good high temperature creep resistance associated With 
MosSi3 at such elevated temperatures. 
The above objects and advantages of the present invention 
Will become more readily apparent form the folloWing 
detailed description taken With the folloWing draWings. 
DESCRIPTION OF THE DRAWINGS 
FIG. 1 includes graphs of mass change versus time at 
1000 degrees C. in oxidation tests for boron-modi?ed 
molybdenum silicide materials pursuant to the invention. 
FIG. 2 includes graphs of mass change versus time for the 
materials during initial oxidation When the temperature is 
increasing, shoWing relative mass loss in the initial transient 
oxidation regime. 
FIG. 3 includes graphs of mass change versus time for the 
materials during the steady state portion of oxidation. 
FIG. 4 includes graphs of mass change versus time at 
different temperatures in oxidation tests for boron-modi?ed 
molybdenum silicide materials pursuant to the invention and 
for MosSi3 free of boron for comparison. 
FIG. 5 is an Arrhenius plot of the steady state rate 
constants for the creep of boron-modi?ed molybdenum 
silicide material pursuant to the invention (solid data point 
symbols) and for MosSi3 free of boron for comparison (open 
data point symbols). 
FIG. 6 is a graph of stress dependence of the creep rate for 
boron-modi?ed molybdenum silicide material pursuant to 
the invention at different temperatures. 
FIG. 7 is a graph of electrical resistivity versus tempera 
ture using standard four point DC test method for boron 
modi?ed molybdenum silicide material pursuant to the 
invention shoWing a linear relationship. 
DESCRIPTION OF THE INVENTION 
The present invention involves boron-modi?ed molybde 
num silicide material having the composition comprising 
about 80 to about 90 Weight % Mo, about 10 to about 20 
Weight % Si, and about 0.1 to about 2 Weight % B and a 
microstructure including MosSi3 phase as at least one micro 
structural component effective to impart good high tempera 
ture creep resistance. Set forth in Table I beloW are exem 
plary compositions of boron-modi?ed molybdenum silicide 
materials (measured by inductively coupled plasma atomic 
emission spectroscopy ICP-AES) illustrative of the inven 
tion selected to provide a range of microstructural, total 
atomic fractions of Si and B relative to M0, and ratio of B 
to Si. 
5,865,909 
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TABLE I 
Compositions of Mo—Si—B intermetallics. 
Composition" 
Specimen Mo Si B 
A 82 16.1 1.24 
B2 85.7 13.0 1.3 
C 81.2 18.2 0.61 
D 81.5 18.3 0.14 
E 82.2 16.9 0.91 
F 86.3 12.6 1.1 
G 88.2 10.8 1.0 
*All compositions analyzed by ICP-AES. 
All analysis :3 wt % relative to analyzed element. 
The exemplary boron-modi?ed molybdenum silicide 
materials of Table I were synthesized by are melting of the 
elemental components (eg Mo, Si, and B) on a water cooled 
copper hearth by energization of a tungsten electrode in a 
non-consumable tungsten arc melt furnace under argon 
atmosphere. Arc melting was performed 2—5 times to 
homogenize each melt of material. Each melt was solidi?ed 
on the copper hearth as buttons. The M0 source comprised 
Mo foil of 99.95% purity from Philips Elmet, Lewiston, ME. 
The Si source comprised 3—20 millimeter pieces of Si of 
99.995% purity from Alpha Chemcials, Danvers, Mass. The 
B source comprised 2—3 millimeter pieces of B of 99.5% 
purity from Alfa AESAR, Ward Hill, Mass. 
Table I sets forth the results of chemcial anaylsis by 
inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) for the arc melted materials. 
The resulting arc melted/soldi?ed button of each boron 
modi?ed molybdenum silicide material was ground to sub 
micron size powders in a tungsten carbide lined impact mill 
(Model 2000 Mixer/Mill, SPEX Industries, Edison, N.J 
using tungsten carbide impact media. One weight percent 
cellulose ether (Methocel from Dow Corning Corporation, 
Midland, Mich.) was added to the material during milling to 
prevent powder agglomeration during milling. Resulting 
powders were seived through —635 mesh (less than 20 
microns seive openings) after milling and cold pressed 
(room temperature) into 0.95 centimeter (cm) diameter and 
about 0.5 cm long pellet samples at 50 MPa. The pellet 
samples then were heated under argon at 5 degrees C. per 
minute to 600 degrees C. for two hours to burn off the 
cellulose ether added during grinding. The pellet samples 
then were sintered under high purity argon at 1800 degrees 
C. to a density greater than 90% of theoretical. To futher 
densify the pellet samples, they were hot isostatically 
pressed at 1750 degrees C. and 280 MPa without a container. 
The pellet samples were annealed at 1600 degrees C. for 24 
hours under high purity argon at 1600 for 24 hours under 
high purity argon to obtain chemical and microstructural 
homogeneity. 
Oxidation test coupons having a 1 millimeter thickness 
were cut using a diamond saw from the pellet smaples made 
in the above described manner. Coupons were polished in 
successive steps using 0.3 micron alumina and ultrasonically 
cleaned and rinsed in distilled water. The coupons were 
rinsed in ethanol, acetone, and hexane and dried at 105 
degrees C. in air before high temperature oxidation testing. 
Microstructural phase arrays of the oxidation coupons cut 
from the pellet sample materials of Table I made in the 
manner described were determined by using X-ray diffrac 
tion (XDS 2000 from Scintag USA, Sunnyvale, Calif.), 
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scanning electron microscopy (JSM 6100 from JEOL USA, 
Peabody, Mass.), and energy dispersive spectroscopy Pen 
tafet detector from Oxford Instruments, Oak Ridge, Taee.). 
Samples used for scanning electron microscopy (SEM) and 
energy dispersive spectroscopy (EDS) were etched with an 
etchant (Murakami’s etch-10 grams of potassium hydroxide 
and of potassium ferricyanate) to better differentiate 
between a ternary so-called T2 phase and Mo3Si phases, 
which have nearly the same BSE (back scattered electron) 
contrast. The etchant selectively attacks the T2 phase and 
also a MoB phase which may be present. Table II below sets 
forth microstructural data from the above described analyses 
of the oxidation coupons. 
Thermogravimetric oxidation tests were used to observe 
transient oxidation behavior and to determine isothermal 
oxidation rates. Coupons were suspended from a sapphire 
wire in a vertical tube thermogravimetric analyzer (System, 
3, Cahn Instruments, Cerritos, Calif.). A small hole was 
spark machined through the coupons to provide means for 
hanging each coupon from the sapphire wire. The specimen 
chamber was purged for 2 hours with synthetic air before 
each test run. Coupon temperature then was increased at a 
rate of 20 degrees C. per minute to the oxidation temperature 
and held at temperature for 100 hours. Coupon mass change 
and temperature were continuously recorded. Following 
oxidation test runs, coupons were characterized for scale 
composition and microstructure using SEM, EDS, X-ray 
diffraction, and ESCA techniques (electron spectroscopy for 
chemical analysis, PHI 5500, Perkin Elmer, Minneapolis, 
Minn.) 
The oxidation coupons having the compositions of Table 
I exhibited different multiphase microstructures; namely, 1) 
generally Mo5Si3 single phase material with boron in solid 
solution (also referred to as T1 phase), 2) MosSi3 matrix 
material with additional phases, and 3) Mo3Si matrix mate 
rial with additional phases as summarized in Table II. All 
compositions contained a small amount of glassy phase. 
TABLE II 
Phase arrays of oxidation coupons1 
Com 
position Mo5Si3 T2 Mo3Si MoSi2 MoB 
C M X X 
D M X X 
E M X 2 
F M 2 2 
G2 2 2 M 
1M = matrix phase, 2 = major second phase, x = minor phase. 
2XRD indicates that a small amount of metallic molybdenum is also present. 
In Table II, T2 phase is thought to comprise ternary 
MosSiB2 or Mo5(Si,B)3. Compostions C and D had the 
lowest Mo and highest Si levels but differ substantially in B 
content (see Table I), producing different microstructures. 
Composition C had a three phase microstructure mixture 
with an MosSi3 matrix (T1) and MoB and MoSi2 as minor 
second phases. A substantial amount of borosilicate glass 
was found by SEM/EDS as an impurity phase. X-ray dif 
fraction analysis indicated that composition D was nearly 
phase pure MosSi3 although some MoB second was seen in 
BSE images. Also present was a smaller amount of boro 
silicate glass phase than found in composition I. Composi 
tion E was an MosSi3 matrix (T1) similar in microstructure 
to compostion C, but with a lower Si and higher B content. 
It did not contain a glassy impurity phase. Composition F 
5,865,909 
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Was three phase MosSi3 matrix (T1) With Mo3Si and ternary 
T2 phase as dispersed phases. Composition G comprised a 
Mo3Si matrix material With T1 phase and T2 phase as major 
secondary phases (eg about 25 volume % each). Compo 
sition A Was similar in microstructure to composition E. 
Composition B2 exhibited a microstructure similar to that of 
composition F (e.g. MosSi3 matrix phase (T1) at about 54 
volume % of the microstructure and T2 phase and Mo3Si 
phase as secondary phases at 23 volume % each). 
FIG. 1 is a plot of the isothermal mass change on 
oxidation at 1000 degrees C. in air for compositions C, D, 
E, F, and G of Table I. All coupons exhibited an initial mass 
gain folloWed by a rapid mass loss starting at 750 degrees C., 
as shoWn in FIG. 2. After some period of rapid mass loss, 
oxidation proceeded at some relatively sloWer, steady state 
rate, FIG. 3. Inital mass loss and steady state oxidation rate 
are set forth in Table III. The inital mass gain appears to be 
due to formation of Si and Mo, and the mass loss appears to 
be due to volatiliZation of molybdenum oxide, although 
Applicants do not intend or Wish to be bound by any theory 
in this regard. 
TABLE III 
Initial mass loss and steady state 
oxidation rates 
Initial mass Steady state1 
Composition loss, mg/cm2 rate, mg/cm2 - hr 
c 2.77 -3.34 X 1073 
D 2.15 —3.63 X 1073 
E 2.79 —1.9 X 10’3 
F2 5.29 —5.0 X 10’5 
G 11.2 +7.3 X 1074 
120-100 hrs. 
230-100 hrs. 
The steady state portion of the oxidation curves for 
compositions C, D, E, F, and G are shoWn in FIG. 4. The 
curves are shifted to more clearly illustrate the differences in 
rates of oxidation. Oxidation rates shoWn in Table III Were 
arrived at by assuming a linear model for oxidation kinetics 
from 20—100 hours. HoWever, no signi?cance should be 
given to the choice of a linear model other than to give 
comparative mass change rates. Compositions C, D, and E 
exhibited a mass loss over the duration of the oxidation tests. 
Composition F shoWed a mass loss over the ?rst 32 hours of 
oxidation folloWed by a period of almost Zero net mass 
change. Composition G shoWed a small positive mass 
change on oxidation. 
In summary, oxidation of all of compositions C, D, E, F, 
and G of Table I proceeded in tWo stages involving an intial 
transient period folloWed by a region of steady state oxida 
tion. The inital transient period is characteriZed by a mass 
gain starting at about 600 degrees C. folloWed by a rapid 
mass loss starting at about 750 degrees C. In some cases (i.e. 
compositions A and C), transient mass loss is relatively 
small and essentially complete by about 850 degrees C., 
indicating rapid formation of a protective scale. In other 
cases (i.e. compositions F and G), transient mass loss 
continues Well into the isothermal temperature regime. After 
the initial transient oxidation period, the rate of mass loss 
decreases by several orders of magnitude, hoWever. 
Compositions With a higher relative fraction of B and Si 
exhibited initial formation of a scale at 600 degrees C. With 
a large fraction of borosilcate glass and ?nely mixed oxide 
and a smaller fraction of “pure” molybdenum oxide. The 
change from the initial transient oxidation period to a region 
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6 
of sloWer mass loss occured at about 800 degrees C., 
indicating that the transient mass loss is due to volatiZation 
of MoO3 originally formed in the scale at 600 degrees C., 
and that rapid active oxidation of Mo Was not occurring at 
greater than 800 degees C. 
Compositions containing betWeen about 10.0 and 20.0 
Weight % Si and having B/Si ratios betWeen about 0.03 and 
0.1 are preferrred. As evidenced by Tables I—III and FIGS. 
1—4, the optimum ratio of B/Si decreases from 0.093 at 10.8 
Weight % Si (G) to as loW as 0.008 at 18.3 Weight % Si (D) 
for good oxidation resistance. 
After the transient oxidation period, a sloWer steady state 
regime Was reached. The isothermal oxidation data at 1000 
degrees C. Was found to vary inversely With scale viscosity. 
The microstructural phase array of the substrate coupon did 
not have an effect on long term oxidation behavior. Of the 
binary silicides, Mo3Si has the poorest oxidation resistance. 
Composition G, hoWever, Which has the largest fraction of 
Mo3Si had the loWest steady state oxidation rate. This 
indicates that How of the scale including borosilicate glass to 
form a coherent passivating layer is more important than the 
diffusion rate of Si to the interface in determining oxidation 
behavior at 1000 degrees C. 
Referring to FIG. 4, graphs of oxidation induced mass 
change versus time for boron-free MosSi3 and boron modi 
?ed compositon Aof Table I are shoWn at 800—1300 degrees 
C. The boron-free MosSi3 test coupons Were made from 
poWder MosSi3 material in a manner similar to that 
described above for the boron modi?ed compositions. These 
graphs include the initial ramping up to temperature at 20 
degrees per minute. Rate constants for oxidation of MosSi3 
and boron modi?ed compositon A are given in Table IV. 
TABLE IV 
Rate constants for the oxidation of Mo Si based materials. 
Kinetic Steady state" 
Temperature, 0C. model rate constant Run time, hr. 
MosSi3 
800 none pest 35 
1000 linear -7.2 X 1072 so 
1100 linear —2.9 x 10+1 10 
1200 linear —1.3 x 10+3 3 
B—Mo5Si3 (A) 
800 linear —6.0 x 10’4 15-150 
1000 linear —4.4 x 10’5 410 
1100 parabolic +5.9 X 1075 300 
1300 parabolic +2.8 X 1074 115 
*Rate constants given in units of mg cm’2 hr’1 for linear rates and mg2 cm’4 
hr’1 for parabolic rates. Negative rate indicates mass loss. 
From FIG. 4, it is apparent that addition of boron to 
MosSi3 provides a signi?cant increase in oxidation resis 
tance. At 800 degrees C., no pesting behavior (characteriZed 
by formation of poWdery M003 and silica formation) is 
observed in contrast to boron-free MosSi3 Which exhibits 
such behavior. At 800—1000 degrees C., sloW mass loss 
occurs in the isothermal oxidation regime. A scale free of 
molybdenum oxide and thickness on the order of 8 microns 
is formed in contrast to boron-free MosSi3 Which forms a 
scale including needle-like molybdenum oxide crystals. The 
scale of boron-modi?ed composition A shoWed no signs of 
cracking or porosity. In the range of 1050—1300 degrees C., 
boron-modi?ed composition A coupons shoW a sloW mass 
gain at long times. The mass gain on oxidation at 1100 
degrees C. is approximately 0.05 milligrams per centimeters 
squared over 50 hours. 
5,865,909 
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For boron free Mo5Si3, the oxidation rate at 1000 degrees 
C. is sloW relative to that at 800 degrees C. but much too fast 
for consideration as a useful high temperature oxidation 
resistant material. 
Oxidation rate data at 1000 degrees C. for other boron 
modi?ed compositions (see Table I) are set forth beloW in 
Table IV. An improvement in oxidation resistance is attained 
over a Wide range of sample compositions and microstruc 
tures. ESCA analysis indicated that the scale surface 
resembled borosilicate glass in chemical bonding, and that 
the B/Si ratio in the scale is proportional to the B/Si ratio in 
the substrate. Preferred B/Si ratios for use in practicing the 
invention are discussed above. 
Mass gain on oxidation, the formation of a molybdenum 
interlayer, and scale morphology indicate that oxygen dif 
fusion through a coherent scale is the rate limiting step in the 
oxidation behavior of boron modi?ed Mo5Si3 compositions 
of Table I at 1050—1300 degrees C., although Applicants do 
not Wish or intend to be bound by any theory in this regard. 
The groWth of a coherent scale as a result of boron additions 
is attributed to formation of a loW viscosity borosilcate glass 
scale Which can How to close pores that initially form in the 
coating, although Applicants do not Wish or intend to be 
bound by any theory in this regard. 
Compressive creep testing Was carried out at constant 
stress under ?oWing argon using a feedback controlled 
electromechanical system to apply load. Experiments Were 
conducted at temperatures of 1220—1320 degrees C. and 
stresses of 140—180 MPa (20.3—26.1 ksi). Creep specimens 
Were held at constant stress and temperature until approxi 
mately 1% strain Was measured, at Which time temperaure 
Was increased 20 degrees C., and another data point taken. 
Microstructures Were characteriZed before and after creep 
testing by SEM, EDS, and transmission electron microscopy 
(TEM). Total strain on each specimen Was 5—7%. Creep 
behavior Was found to be consistent With a simpli?ed poWer 
laW creep equation Where creep strain, e, is: 
In the equation, A is a parameter Which incorporates the 
diffusion constant, Burgers vector magnitude, and grain siZe 
dependence of creep, treated as constant by Applicants for 
this Work, Qa is the apparent activation energy for creep, 
sigma is the applied creep stress, and n is the creep stress 
exponent. 
Creep specimens Were made from boron-modi?ed com 
position B2 of Table I in the manner described above using 
a combined room tenmperature pressing step (at 158 MPa) 
and sintering at 1800 degrees C. in argon for 2 hours) to 
consolidate the poWders (97.8% of theoretical density) to 
form 5 mm diameter and 5 mm long creep specimens Which 
Were polished to provide ?at, parallel ends. The specimens 
had a three phase microstructure composed of tetragonal 
Mo5Si3 (T1 phase), cubic Mo3Si and tetragonal Mo5(Si,B)3 
(T2 phase). Image analysis of the microstructure of sintered 
specimens indicated that the T1 phase comprised 54% by 
area of the microstructure With the balance of the micro 
structure area being T2 phase and Mo3Si in equal propor 
tions (23 volume % each). Image analysis of sintered 
specimens indicated that the sintered microstructure con 
tained 2.2% porosity prior to creep testing. 
Creep rates for temperatures from 1220—1320 degrees C. 
and loads of 138—180 MPa are plotted as a function of 
reciprocal temperature in FIG. 5. Also included in FIG. 5 is 
e = Aonexp ( 
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the temperature dependence of the creep at 140 MPa of 
boron free Mo5Si3 poWder consolidated specimens made in 
similar manner to the boron modi?ed specimens. The creep 
rate of boron free Mo5Si3 specimens is slightly loWer than 
that of boron modi?ed composition B2 of Table I under the 
same deformation conditions. Activation energies for creep 
determined by least squares ?t to the data of FIG. 5 Were 
similar. 
FIG. 6 shoWs the calculated creep stress exponents, n, for 
composition B2. The average stress exponent for all condi 
tions tested is 4.3. Stress exponents in this range often 
indicate creep by dislocation climb. 
The creep tests indicated that the effect of boron addition 
on creep resistance of Mo5Si3 Was small. At small strains, 
the rate limiting deformation mechanism for the three phase 
microstructure of boron modi?ed composition B2 appears to 
be plastic deformation due to disclocation motion or climb 
Within the Mo3Si and T2 phases. The creep rate may be 
decreased beloW that of monolithic Mo3Si and T2 by par 
titoning of stress onto creep resistant Mo5Si3 phase. At 
larger strains (eg 13%), the T1 phase exhibits cracking, 
indicating that motion of T1 grains is not fully accommo 
dated by plastic strain in Mo3Si and T2 phases. Cracking in 
the T1 phase did not propagate through the Mo3Si and T2 
phases, suggesting that these phases exhibit resistance to 
crack groWth at high temperatures. 
Referring to FIG. 7, a graph of electrical resistivity versus 
temperature for boron-modi?ed molybdenum silicide mate 
rial having a Mo5Si3B atomic formula is shoWn and made in 
the manner described above. The graph indicates a linear 
relationship betWeen electrical resistivity and temperature. 
This relationship is advantageous for application of the 
material as electrical heating elements. The graph also 
illustrates a temperature coef?cient of resistivity (TCR) of 
4.6><10_4 1/degrees C. for the boron-modi?ed molybdenum 
silicide material pursuant to the invention as compared to 
only 2.1><10_4 1/degrees C. for knoWn Kanthal material 
(MoSi2). It is apparent that the TRC for the boron-modi?ed 
molybdenum silicide material pursuant to the invention is 
greater than tWice that of Kanthal material. This TRC 
parameter of the boron-modi?ed molybdenum silicide mate 
rial pursuant to the invention is advantageous for applica 
tions as electrical heating elements. Moreover, electrical 
heating elements pursuant to the invention can be used in 
unsupported spans that are not possible With MoSi2 heating 
elements as a result of increased creep resistance described 
above for boron modi?ed molybdenum silicide materials of 
the invention. 
The boron-modi?ed molybdenum silicide material pursu 
ant to the present invention can be fabricated in poWder 
material form into high temperature products using conven 
tional poWder consolidation techniques such as extrusion of 
poWders With a fugitive binder for rods and tubes, slip 
casting, cold pressing of poWder by conventional tooling or 
cold and/or hot isostactic pressing. PoWder consolidation 
typically is folloWed by sintering and/or hot isostactic press 
ing. Certain consolidation and sintering and/or pressing 
parameters are described above for illustration purposes, 
although the invention is not limited to these particular 
parameters may be employed to this end. High temperature 
products into Which the boron-modi?ed molybdenum sili 
cide material can be made include electrical components, 
such as electrical resistors and electrical interconnects, that 
exhibit sufficient oxidation resistance to Withstand high 
temperatures in service in air as a result of electrical poWer 
dissipation, and electrical resistance heating elements that 
can Withstand high temperatures in service in air and other 
5,865,909 
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oxygen-bearing atmospheres as Well as span greater dis 
tances than MoSi2 elements as a result of improved creep 
resistance compared thereto. The boron-modi?ed molybde 
num silicide material pursuant to the present invention also 
can be fabricated into high temperature structural members 
and other fabricated components that can Withstand high 
temperatures in service in air or other oxygen-bearing atmo 
spheres While retaining creep resistance associated With 
MosSi3 for structural integrity. For example, high tempera 
ture heat exchanger tubes and high temperature gas turbine 
engine components such as turbine blades, exhaust shroud 
or plenum, ignitor, etc. can be fabricated from the boron 
modi?ed molybdenum silicide material pursuant to the 
invention. 
Although the invention has been described hereinabove 
With respect to certain illustrative embodiments of the 
invention, it is to be understood that modi?cations and 
changes can be made therein Without departing from the 
spirit and scope of the invention as set forth in the folloWing 
claims. 
We claim: 
1. A molybdenum silicide compound having the compo 
sition consisting essentially of about 80 to about 90 Weight 
% Mo, about 10 to about 20 Weight % Si, and about 0.1 to 
about 2 Weight % B to improve oxidation resistance of said 
compound and a microstructure comprising three phases 
including MosSi3 phase effective to provide high tempera 
ture creep resistance and tWo phases selected from the group 
consisting of Mo3Si phase, MoSi2 phase, MoB phase, and a 
ternary Mo—Si—B phase. 
2. The compound of claim Wherein the boron to silicon 
ratio is betWeen about 0.03 and 0.1. 
3. Electrical heating element comprising an oxidation 
resistant boron-modi?ed molybdenum silicide compound 
consisting essentially of about 80 to about 90 Weight % Mo, 
about 10 to about 20 Weight % Si, and about 0.1 to about 2 
Weight % B to improve oxidation resistance of said com 
pound and a microstructure comprising three phases includ 
ing MosSi3 phase effective to provide high temperature 
creep resistance and tWo phases selected from the group 
consisting of Mo3Si phase, MoSi2 phase, MoB phase, and a 
ternary Mo—Si—B phase. 
4. The heating element of claim 3 having a temperature 
coefficient of resestivity greater than tWice that of MoSi2. 
5. Electrical component comprising an oxidation resistant 
boron-modi?ed molybdenum silicide compound consisting 
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essentially of about 80 to about 90 Weight % Mo, about 10 
to about 20 Weight % Si, and about 0.1 to about 2 Weight % 
B to improve oxidation resistance of said compound and a 
microstructure comprising three phases including MosSi3 
phase and tWo phases selected from the group consisting of 
Mo3Si phase, MoSi2 phase, MoB phase, and a ternary 
Mo—Si—B phase. 
6. The component of claim 5 Which is an electrical 
resistor. 
7. The component of claim 5 Which is an electrical 
interconnect. 
8. A high temperature structural member comprising an 
oxidation resistant boron-modi?ed molybdenum silicide 
compound consisting essentially of about 80 to about 90 
Weight % Mo, about 10 to about 20 Weight % Si, and about 
0.1 to about 2 Weight % B to improve oxidation resistance 
of said compound and a multiphase microstructure compris 
ing three phases including MosSi3 phase effective to impart 
high temperature creep resistance and tWo phases selected 
from the group consisting of Mo3Si phase, MoSi2 phase, 
MoB phase, and a ternary Mo—Si—B phase. 
9. A gas turbine engine component comprising an oxida 
tion resistant boron-modi?ed molybdenum silicide com 
pound consisting essentially of about 80 to about 90 Weight 
% Mo, about 10 to about 20 Weight % Si, and about 0.1 to 
about 2 Weight % B to improve oxidation resistance of said 
compound and a microstructure comprising three phases 
including MosSi3 phase effective to impart high temperature 
creep resistance and tWo phases selected from the group 
consisting of Mo3Si phase, MoSi2 phase, MoB phase, and a 
ternary Mo—Si—B phase. 
10. Acomponent consisting of molybdenum silicide com 
pound having the composition comprising about 80 to about 
90 Weight % Mo, about 10 to about 20 Weight % Si, and 
about 0.1 to about 2 Weight % B to improve oxidation 
resistance of said compound, a microstructure comprising 
three phases including MosSi3 phase effective to provide 
high temperature creep resistance and tWo phases selected 
from the group consisting of Mo3Si phase, MoSi2 phase, 
MoB phase, and a ternary Mo-Si-B phase, and a scale 
including borosilicate glass formed by exposure to high 
temperature to close scale porosity for oxidation resistance. 
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